[1] GPS observations along three profiles across the Ethiopian Rift and Afar triple junction record differences in the length scale over which extension is accommodated. In the Afar region, where the mantle lithosphere is nearly or entirely absent, measurable extension occurs over $175 km; in the northern Ethiopian Rift, where the mantle lithosphere is anomalously thin and hot, extensional strain occurs over $85 km, extending beyond the structural rift valley; in the southern Ethiopian Rift, where the mantle lithosphere approaches standard continental thickness, extensional strain occurs over <10 km. This trend of increasingly distributed deformation contrasts with the standard model where continental rifts become mid-ocean spreading centers through strain localization.
Introduction
[2] The formation of sedimentary and ocean basins is a fundamental tectonic process controlled by the mechanics of the lithosphere under extensional stresses. The most common conceptual models of basin formation and rifting such as Wilson [1966] rely on the assumption that progressive weakening of the lithosphere (decreased yield stress) results in increased localization of strain. These models and simulations suggest that the development of a mid-ocean ridge is the product of a monotonic progression toward extensional strain localization along a line of zero lithospheric thickness [McKenzie, 1978; Kusznir and Park, 1987] , starting from a zone of distributed normal faulting in lithosphere of normal or nearly normal continental thickness.
[3] Observations of the spatial scale of strain in a continental extensional system, when combined with independent observations of the mechanical properties of the lithosphere can be used to test a hypotheses of monotonic weakening and strain localization during rift evolution. The Main Ethiopian Rift (MER) is an appropriate location for such a comparison, as geodetic results show ongoing separation of Nubia and Somalia [Jestin et al., 1994; Bilham et al., 1999; Pan et al., 2002; Fernandes et al., 2004; Bendick et al., 2006] , and lithospheric properties including thickness [Pasyanos et al., 2009] , temperature , crustal conductivity [Whaler and Hautot, 2006] , crust and upper mantle composition [Rooney et al., 2005; Mackenzie et al., 2005; Ayalew et al., 2006] , magmatism Casey et al., 2006] , basin width [Ebinger et al., 1999] , fault lengths and segmentation [Ebinger et al., 1999] , distribution of seismic moment release [Yang and Chen, 2010] and total extension all vary along strike. We use GPS geodesy to measure both the total rate of extension and the distance over which it is accommodated in the Southern Main Ethiopian Rift (SMER), Central Main Ethiopian Rift (CMER) and Afar triple junction (Afar) for comparison with independent observations of crustal and lithospheric properties. Both the strain scaling, or the length scale over which extension is accommodated, and mechanical properties of each rift region are then compared with results from both numerical and analog methods addressing the role of particular parameters on the mechanics of the rifting process [e.g., McKenzie, 1978; Kusznir and Park, 1987; Handy, 1989; Buck, 1991; Olsen and Morgan, 1995; Brun, 1999; Braun et al., 1999; Buck et al., 1999; Burov and Poliakov, 2001; Huismans et al., 2001; Corti et al., 2003; Buck, 2004; Davis and Kusznir, 2004; Huismans and Beaumont, 2008; Regenauer-Lieb et al., 2008; Corti, 2009] .
[4] Since the earliest models for the evolution of sedimentary basins and rifted margins, it has been recognized that continental failure in tension entails processes with competing effects on the length scale of deformation [Kirby, 1985; Handy, 1989; Buck, 1991; Kusznir and Ziegler, 1992] . Table 1 summarizes 18 seminal papers on rift mechanics. To generalize, localization of extension into relatively narrow (of the order of the crustal thickness) zones with steep marginal gradients in crustal or lithospheric thickness is predicted where the integrated lithosphere is strong. Distributed extension in wide rift zones with shallow gradients in crustal or lithospheric thickness is predicted where the integrated lithosphere is weak. Most past work considers narrow and wide rifting to be distinct modes based on different initial lithospheric strength, such that composites of lithospheric materials that get stronger when deformed produce wide rifts and composites of lithospheric materials that get weaker when deformed produce narrow ones. Hence, the time evolution of narrow rifting is toward further strain localization, ending with mid-ocean spreading [Olsen and Morgan, 1995; Buck et al., 1999] , and the time evolution of wide rifting is approximately steady state or, in a few cases where the cooling rate exceeds the advection of heat due to strain, the cessation of extension [Kusznir and Park, 1987] . The role of total strain and strain rate is ambiguous, with different simulations demonstrating different scaling correlations [Corti et al., 2003; Davis and Kusznir, 2004] .
[5] Despite this existing exclusive classification of extensional modes, the possibility of a transition between modes appears to exist controlled by temporal changes in the lithospheric strength profile either related to or coincident with rifting. For example, because narrow rifting is grossly associated with a strong lithosphere and wide rifting with a weak lithosphere, processes which progressively weaken or attenuate the mantle lithosphere could be expected to excite widening of the zone of active extension rather than progressive strain localization toward ridge-like spreading. The same effect could be produced by weakening of the lower crust. Conversely, progressive strengthening of lithospheric layers, such as by crustal thinning and replacement of weak lower crust with strong mantle lithosphere could be expected to excite narrowing of extension. Comparing observations from actively extending continental regions with predictions from simulations is one way to explore the relative strength of the upper crust and the mantle lithosphere, as well as how these change over time.
Tectonic Setting
[6] The Main Ethiopian Rift (MER) forms the northernmost (Ethiopian) section of the East African Rift System (EARS), a southward propagating set of rift structures [Chorowicz, 2005; Bonini et al., 2005] which accommodate the clockwise rotation of the Somalian plate relative to a stable Nubia [Jestin et al., 1994; Chu and Gordon, 1999; Nocquet et al., 2006; Calais et al., 2009] . The MER terminates to the north in the Afar Depression, a triple junction with the east-northeast-trending Gulf of Aden and the northwest-trending Red Sea, both ocean spreading ridges which accommodate the differential motion of Somalia and Arabia, and Nubia and Arabia, respectively [Manighetti et al., 1997 [Manighetti et al., , 1998 ArRajehi et al., 2010] (Figure 1 ). Following a brief period of extensive flood basalt volcanism around 31 Ma [Hofmann et al., 1997] likely related to prior emplacement of a mantle plume beneath the Afar [Ebinger and Sleep, 1998; Courtillot et al., 1999] , basin formation initiated in the Red Sea and Gulf of Aden $24 Ma [Wolfenden et al., 2005; Bosworth et al., 2005] , coinciding with a marked decrease in convergent motion between Africa and Eurasia [Lemaux et al., 2002; ArRajehi et al., 2010] . Although a small amount of extension appears to have been accommodated between 11 and 20 Ma in the southernmost SMER [Ebinger et al., 2000] and the YerrerTellu-Wellel Lineament west of the CMER [Keranen and Klemperer, 2008] , extension in the MER appears to have begun in earnest at $11 Ma [Ukstins et al., 2002; Bonini et al., 2005] , approximately coinciding with a transition from basin development to seafloor spreading in the Gulf of Aden [Manighetti et al., 1997; Courtillot et al., 1999; Bosworth et al., 2005] and the initiation of extension in the northern Afar [Ghebreab et al., 2002; Redfield et al., 2003; Beyene and Abdelsalam, 2005] . Following a rearrangement of global plate motions around 5-3 Ma [Boccaletti et al., 1998; Calais et al., 2003; McClusky et al., 2010] attendant with initiation of seafloor spreading in the Red Sea [Ukstins et al., 2002] , the principal extension direction in East Africa changed from NW-SE to $ E-W, oblique to Cenozoic rift structures in the MER. Since that time, faults and aligned volcanic centers roughly orthogonal to the Quaternary extension direction have formed along the axis of the MER (e.g., the Wonji Fault Belt) [Boccaletti et al., 1998 ] and significant Nubia-Somalia extension has propagated far to the south [Chorowicz, 2005] . Spreading in the Afar continues to be NE directed [Manighetti et al., 1997 [Manighetti et al., , 1998 ].
[7] The paired MER and Afar (Figure 1 ) systems span a transition from continental rifting in the south and central EARS to mid-ocean ridges in the Red Sea and Gulf of [Sokoutis et al., 2007; Huismans et al., 2001] strong mantle lithosphere [Sokoutis et al., 2007; Buck, 1991] weak crust or crust-mantle decoupling [Huismans et al., 2001; Davis and Kusznir, 2004] strong crust or crust-mantle coupling [Burov and Poliakov, 2001; Corti et al., 2003 ] distributed magmatism [Corti et al., 2003] localized magmatism [Buck, 1991; Corti et al., 2003 ] high strain rate [Buck, 1991; Corti et al., 2003] high strain rate [Kusznir and Park, 1987; Davis and Kusznir, 2004 ] low strain rate [Kusznir and Park, 1987; Davis and Kusznir, 2004] low strain rate [Corti et al., 2003 ] crustal necking [Buck, 1991; Davis and Kusznir, 2004] lithospheric necking [Huismans et al., 2001; Brun, 1999; Buck et al., 1999] regional isostasy [Buck, 1991] strong thermal buoyancy effects [Davis and Kusznir, 2004] large total strain [Buck et al., 1999 ] throughgoing crustal fault [Buck, 1991] a In general, strong lithosphere excites localized strain and weak lithosphere excites distributed strain. Other correlations are more ambiguous, such as the relations among strain rate, total strain, and length scale. See the text for further discussion.
Aden. Both regions encompass structures with characteristics of both continental and oceanic boundaries [Ebinger and Casey, 2001; McClusky et al., 2010] . The Afar is a region of complex faulting, diking and volcanism Wolfenden et al., 2005; Keir et al., 2009] which accommodates motion related to each rift arm in a diffuse R-R-R triple junction [Tesfaye et al., 2003] . Two distinct mechanisms act in concert to accommodate overall relative plate motion: magmatic rift segments which include dike injection, extrusive volcanism, and faulting; and distributed fault zones without known associated magmatism [Manighetti et al., 2001] . The tectono-magmatic segments are thought to accommodate most of the total strain, but faulting does provide some contribution [e.g., Manighetti et al., 1998; Vigny et al., 2007] . South of the Afar, the influence of magmatism decreases through the MER such that the SMER and EARS to the south primarily exhibit extension dominated by normal faulting on highstrength basin-bounding faults [Ebinger et al., 1993; Foster and Jackson, 1998; Ebinger et al., 2000] .
[8] The transition from continental to oceanic rifting is reflected in a progressive reduction in integrated lithosphere strength northward along the Ethiopian rift, as is evident from a growing body of work which shows: i. thinning of the mantle lithosphere, ii. elevated Moho temperatures, iii. magmatic attenuation of the crust and upper mantle, and iv. decreased lithospheric flexural rigidity. We discuss the evidence for each of these observations below.
Thinning of the Mantle Lithosphere
[9] Lithosphere thicknesses determined for East Africa from long-period surface wave dispersion [Pasyanos et al., Chu and Gordon [1999] ; S02 is Sella et al. [2002] ; PB04 is Prawirodirdjo and Bock [2004] ; F04 is Fernandes et al. [2004] ; and N06 is Nocquet et al. [2006] . The vector from the pole calculated in this work is identical to that of Chu and Gordon [1999] .
2009] have a coarse resolution ($1°), but clearly show lithosphere thickness decreasing from $100 km in the SMER to only $30 km in the CMER and Afar. Thin lithosphere under the CMER and Afar is also implied from inversion of Raleigh wave group velocities and receiver functions [Dugda et al., 2007] with the possibility of entirely absent mantle lithosphere in the Afar. Yang and Chen [2010] show northward shallowing of seismicity, with earthquakes in the mantle lithosphere, but only south of Ethiopia. Meanwhile, crustal thicknesses remain fairly constant along the MER [Keranen et al., 2009] . 2D wideangle seismic investigations [Mackenzie et al., 2005] reveal 30-35 km Moho depths, which decrease only slightly from south to north while controlled-source seismic data show a shallowing of Moho depth from the CMER to $26 km in the southernmost Afar. Dugda and Nyblade [2006] found crustal thickness had decreased to 23 km under the east-central Afar in Djibouti. Xenolith suites from the MER and extruded lavas in the Afar provide evidence of ongoing destruction of the lithospheric mantle as the rifting style approaches oceanic-type extension [Rooney et al., 2005; Ayalew et al., 2006] . More detailed studies of the magmatic segments in the Afar [e.g., Doubre et al., 2007a Doubre et al., , 2007b suggest crust is further thinned by magmatism locally.
Elevated Moho Temperatures
[10] High Moho temperatures and partial melt in the upper mantle and lower crust have been inferred on the basis of anomalous Vp/Vs ratios [Dugda et al., 2007; Keranen et al., 2009] , shear wave splitting delays , and low resistivity [Whaler and Hautot, 2006] in the CMER. Surface heat flow measurements in the Afar [Lysak, 1992] of 150-250 mWm À2 , compared to values $100 mWm
À2
to the south, imply further elevation of the geotherm toward the Afar.
Magmatic Attenuation of the Crust and Upper Mantle
[11] Differentiation of erupted lavas in the MER suggests that magma reservoirs sourcing rift volcanics decrease in depth as rifting evolves [Caricchi et al., 2006] . Magmatic activity (diking and volcanism) clearly increases toward the northern, more evolved rift segments Casey et al., 2006] . Kurz et al. [2007] and others describe the appearance in the CMER of a "tectonomagmatic" segmentation along the rift axis, which is indicative of certain types of ocean spreading ridges [van Wijk and Blackman, 2007] . Many seismic [Keranen et al., 2004; Keir et al., 2005; Kendall et al., 2005; Maguire et al., 2006; Keir et al., 2006a Keir et al., , 2006b ], resistivity [Whaler and Hautot, 2006] , and gravity [Cornwell et al., 2006] investigations show ample evidence for regions of partial melt and cooled mafic intrusions beneath these tectono-magmatic segments (TMS). In the Afar, the influence of magma on rifting is even more pronounced. Active magma emplacement occurs within the crust [Cattin et al., 2005; Wright et al., 2006; Ayele et al., 2007; Vigny et al., 2007; Grandin et al., 2009; Keir et al., 2009] , mafic crustal replacement is pervasive [Barberi and Varet, 1975] , and considerable extension may occur aseismically via magmatic accretion [Doubre et al., 2007a [Doubre et al., , 2007b .
Decreased Lithospheric Flexural Rigidity
[12] As the overall width of the rift basin in Ethiopia widens northward, individual extensional segments become shorter and narrower and faults exhibit closer spacing and smaller throws [Ebinger et al., 1999] , concomitant with decreasing elastic thickness estimates . These observations are roughly correlated with the total extension of the rift basin, which ranges from $20% in the SMER [Ebinger et al., 1993] to nearly 100% in the Afar . Elastic thickness estimates from flexural analyses are not always meaningful in continental settings [e.g., Maggi et al., 2000] , but in this case they are consistent with independent measures of integrated lithospheric strength [Stamps et al., 2010] .
[13] Taken together, these observations clearly show that both thinning and heating related to rift processes progressively reduce the integrated strength of the lithosphere, especially the mantle lithosphere. This result is unsurprising, and has been understood on the basis of smaller data subsets for many years [i.e., ten Brink, 1991] . The abundant evidence for progressive weakening of the lithosphere provides a sound foundation on which to test models of strain localization. In this study, we use Ethiopian geodetic results from 1992-2010 to compare the surface strain fields in three regions with progressively weaker lithosphere: the southern Main Ethiopian Rift (SMER), the central-northern Main Ethiopian Rift (CMER), and the Afar Depression. [15] GPS data are analyzed with the GAMIT/GLOBK software [Herring et al., 2010 ] using a 4-step approach similar to that described by Reilinger et al. [2006] . In the first processing step, satellite orbits, earth orientation parameters, and station coordinates are estimated from the doubly differenced GPS phase observations at each day, applying only loose constraints to each parameter estimate. We include in this step data from 13 stations from the International GNSS Service (IGS) which link the regional (Ethiopian) measurements to data from the global network used in step two.
Methods
[16] In the second step, we combined the loosely constrained parameter estimates and their covariances with similar estimates from the global GPS processing for the IGS performed by MIT or the Scripps Orbit and Permanent Array Center (SOPAC) in order to estimate the satellites' orbits and the Ethiopian site positions for each day in a global reference frame. We used MIT solutions for 1997-2010 and SOPAC solutions for prior years. We then used these daily combinations to generate time series, which we inspected for outliers and to determine the appropriate weights to apply to the observations. In generating the time series, we defined a consistent reference frame by estimating a translation and rotation of the coordinates which minimized the adjustments from the International Terrestrial Reference Frame (ITRF) 2005 [Altamimi et al., 2007] to the positions of 10 IGS stations within 4000 km of our Ethiopian network (Table S1 of the auxiliary material).
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[17] In the third step, after editing, we aggregated the daily solutions into 15-day combinations in order to obtain computational efficiency in estimating velocities and to generate time series that better represent the long-term rather than short-term noise. In making this combination, 1 mm of white noise was added quadratically to the horizontal position estimates so that the position estimates for the CGPS stations (used 15 times) would not be overweighted compared with the SGPS stations.
[18] Finally, we combined the 15-day solutions for the 19-year period to estimate a consistent set of velocities. In order to account for temporal correlations in the data, which usually dominate the velocity uncertainties, we added to each station a random-walk component determined by fitting the daily time series to a Gauss-Markov process, as described by Herring [2003] and Reilinger et al. [2006] . For the SGPS stations, which had too few observations to estimate the random-walk reliably, we used the median value for the CGPS stations (4 Â 10 À7 m 2 /yr). We also calculate transformations from the ITRF05 reference frame to both Nubiafixed and Somalia-fixed frames by choosing sites located on these stable plate interiors and minimizing their velocities.
[19] For the CMER and Afar transects, the site density and measurement duration, combined with the relatively large spreading velocity allows sufficient resolution of 1D velocity profiles (Figure 3 ) to estimate the spatial scale of extensional strain from the global velocity solutions. However, in the SMER, the shorter interval of measurement combined with the loss of two stations during the experiment and the low total opening rate made the global solution insufficiently precise for strain scaling estimation. For this transect, we also calculated a small-network velocity solution using only epochs common to most of the stations within the SMER and defining a reference frame within the region.
Results
[20] GPS-derived horizontal surface velocities in our realization of the Nubia-fixed reference frame and associated uncertainties (68% error ellipses) are shown for the MER and the Afar (Figures 2a-2c) . Velocities in the ITRF2005 no net rotation (NNR) reference frame (all sites) and our Nubian frame (Ethiopian sites only) are provided in Table  S1 of the auxiliary material and Table 3 respectively, along with associated 1s standard deviations (68% confidence interval) and site details.
[21] Nubia-fixed velocities across the SMER and CMER arrays are consistent with estimates of approximately E-W extension [Boccaletti et al., 1998 [Boccaletti et al., , 1999 Fernandes et al., 2004] decreasing southward between the Nubian and Somalian plates, while velocity vectors north of 11.5°N in the Afar Depression show roughly WSW-ENE extension across the tectonically complex region separating the Nubian and Arabian plates, consistent with independent geodetic and geologic estimates of relative plate motion [e.g., Manighetti et al., 1997; Sella et al., 2002; Tesfaye et al., 2003; Nocquet et al., 2006; McClusky et al., 2003; Vigny et al., 2007; McClusky et al., 2010] . Between 10°and 11.5°N latitude, at the CMER/Afar transition, the azimuth of maximum extension is observed to rotate 25°counterclockwise, from $N90°E to $N65°E. The kinematic complexity associated with the role of the Danakil Block is not well resolved by our array; details of Afar kinematics are addressed by McClusky et al. [2010] .
[22] We project site locations and relative velocities for each geodetic array onto profiles (Figure 3 ) which span the SMER, CMER, and Afar rift segments and are parallel to the N90°E (MER) and N65°E (Afar) axes of principal extension (Table 4 and Figure 3 ). Because our GPS arrays were deployed orthogonally to the strike of the structural rift and not the modern extension direction, projection of the site spacing onto the extension axis results in compression of true site-to-site distances. However, this effect is similar for all of the sections, so does not change the relative scaling among sections. The Nubian frame used in the solution (v = 0) is determined by minimizing the velocity of six IGS and survey sites considered to lie on stable Nubia. Thus, negative velocities at sites on the western ends of both the CMER and Afar transects do not imply convergence between these sites and Nubia, but instead suggest that the best fitting pole for Nubia-ITRF08 slightly underestimates the total Nubia-Somalia or Nubia-Arabia extension. For both transects, v = 0 is within the 95% confidence interval at the western termination of the profile. Figure 2a . Geodetic horizontal surface velocities and 68% error ellipses in a Nubia-fixed reference frame for sites in the Afar. Focal mechanisms are from the Global Centroid Moment Tensor catalog. Places described in the text are labeled: CH = Chamo Horst, CB = Chamo Basin, AH = Amaro Horst, and GB = Galana Basin. Normal faults mapped and described by Ebinger et al. [1993] are shown in gray, and the SMER transect is denoted with a gray dashed line. The white vectors show the range of velocities for BITA calculated from previously published Somalia-Nubia poles also used in Figure 1 , all of which fall within the BITA 1-sigma formal uncertainty.
[23] Our northernmost geodetic array in the Afar spans the region of diffuse extension formed by the propagating tips of the Ethiopian, Aden, and Red Sea rifts (Figure 2a) . From site DBMK on the western plateau, the geodetic transect crosses the Ankober/Ataye/Kemise border fault, the Tendaho/MandaHarraro rift, and the Manda-Inakir rift before terminating at site SNTB on or near the southern edge of the Danakil Block . Site GEWA in the southern Afar is a considerable distance off the profile axis, and may capture some component of motion related to deformation in the northern CMER. We observe a total of $20.9 AE 3.3 mm yr À1 N65°E extension across the Afar profile. This is consistent within uncertainties to previously published extension rates [Chu and Gordon, 1999; Sella et al., 2002; McClusky et al., 2010] The Afar velocity profile is pinned on the northeastern side (800 km) to the Arabian velocity relative to Nubia [ArRajehi et al., 2010; McClusky et al., 2010] because we did not include sites from the Arabian Peninsula in this study.
[24] In the Central Main Ethiopian Rift (CMER), our array spans an E-W distance of $690 km from our CGPS station BDAR at Lake Tana on the northwest plateau to GOD2 (Figure 2b) . From west to east, our CMER transect traverses most of the northwest plateau and the uplifted western margin, the Debre Zeit volcanic chain, the Boset magmatic segment north of Lake Koka, the Asela-Sire eastern basinbounding fault, and the whole of the eastern plateau. We observe a total of 6.0 AE 2.3 mm yr À1 E-W extension across this profile from our station BDAR to site GOD2. Our observed opening rate is in good agreement with earlier estimates from plate-scale GPS and plate tectonic reconstructions [Chu and Gordon, 1999; Fernandes et al., 2004; McClusky et al., 2010] .
[25] In the Southern Main Ethiopian Rift (SMER), our geodetic array spans an E-W distance of $670 km, crossing the Chencha horst, the Chamo basin, the Amaro horst and Galana basin, and the eastern rift flank (Figure 2c ). We observe a maximum of 3.1 AE 1.6 mm yr À1 of E-W extension across the profile. The velocity profile for the SMER is pinned on the western side (at the origin) to the Nubian frame defined by our velocity solution. Of the five sites available to constrain the profile, one, DANA, is inconsistent with a smooth change in east-west velocity and with the geology. Numerous active normal faults between DANA on the western rift shoulder and the sites near and on the rift valley floor (CNCA, ARMI, and NCSR) preclude net convergence as would be required by the rapid eastward site velocity, and the absence of known active normal faults west of DANA also probably preclude such rapid eastward displacement of DANA relative to Nubia. Inspection of the daily position estimates for the site from three different campaign occupations shows considerable nonlinearity, but no clear indication of which epoch or epochs might be anomalous. We have thus omitted DANA in our interpretations. With this adjustment, the inference of concentrated deformation in the SMER depends on the reliability of the estimate of the east velocity of NCSR and BITA relative to CNCA and ARMI. CNCA and ARMI both have consistent observations at four or more epochs spanning over three years. However, NCSR was observed simultaneously with both CNCA and ARMI in only in late 2009, with CNCA in early 2007, and with ARMI in late 2007. Hence the total span for determining the velocity of NCSR relative to ARMI and CNCA is 2.6 years with no effective redundancy. Our estimates for the east component of this velocity range from 1.7 to 2.1 mm/yr with a 68% uncertainty of 1.0 to 1.2 mm/yr depending on our assumptions about the nature and magnitude of the colored noise in the observations. The velocity of BITA relative to the three stations to the west is determined by observations in early 2007, and early and late 2009 and hence also has limited redundancy. However, both the direction and magnitude of the BITA velocity is consistent with the velocity of GOD2 to the north for Somali plate rotation about an Euler pole to the south.
[26] The (Nubia-fixed) velocity profiles for our geodetic arrays in the SMER, CMER and Afar (Figure 3 ) illustrate that deformation is accommodated very differently across these rift segments. Ideally, we would use the exact width of the actively deforming (above some threshold) region in each rift segment as a quantitative measure of strain localization, but due to the low geodetic resolution of our network beyond the rift margins, we cannot directly determine the length of the shortest baseline which accommodates the full relative plate motion across the rift to a reasonable tolerance. However, we can constrain the length scale of the straining region by fitting a sigmoidal function of the form
to the station velocity profiles, where v x is the velocity in the direction of maximum extension, v min is the minimum extension velocity, v max is the maximum extension velocity, x d 2 v=dx 2 ¼0 is the x-coordinate of the inflection point of the sigmoid, and r is the sigmoid rate coefficient. In this function, the rate coefficient is related to the width of the region of finite slope, with larger rate coefficients corresponding to shallower slopes, hence a wider region of finite velocity gradient. The 1D estimate of extensional velocity from these profiles agrees with the full geodetic solution within 95% confidence.
[27] The rate coefficients for these sigmoidal approximations confirm that the finite velocity gradient gets wider and shallower northward. The SMER rate coefficient is very small, 3 AE 6, reflecting a steep velocity gradient. The CMER rate coefficient is an order of magnitude larger, 42 AE 13, and the Afar rate coefficient is yet larger, 88 AE 18. Neither the sigmoidal function nor the rate coefficients have a physical meaning relative to either the kinematics or dynamics of East African deformation; rather, they simply provide a mathematically continuous representation of discrete observational data and a means of comparing the length scale of changes in the 1D velocity.
[28] The existence of first and second derivatives of this expression allows us to estimate the 1D strain rates for each profile by taking the first derivative of the function; these again confirm increasingly distributed extensional strain northward in the East African system (Figure 4) . In fact, we can use the shape of the derivatives to directly calculate the strain scale and formal confidence intervals, by finding the span in x which encloses 90% of the area beneath the strain rate curve. This value is $175 km for the Afar, $86 km for the CMER and $6 km for the SMER. This measure of strain rate is not as sensitive to station spacing, as direct calculations of the strain rate between each pair of our sparse geodetic stations would be (Table 4 ), except to the extent which station spacing influences the original least squares function fitting. The strain rate plot confirms the observation from the velocity profiles that extension is progressively delocalized northward in East Africa. It also shows differences in the mechanism of strain accommodation.
[29] In the Afar, the geodetic resolution on the southwestern part of our network is low. However, within our array, substantial extension accumulates over more than 175 km. Northwest of the Tendaho-Goba'ad Discontinuity, our network provides high resolution of motion across a set of extensional structures, including the Dobi and Guma (or Gawa) grabens, and the Manda-Inakir Rift [Christiansen et al., 1975] . Peak minimum strain rates (1.5 to 1.9 Â 10 À7 yr
À1
) are observed between sites DOBI and PDSO, which straddle the northern escarpment of the Dobi graben, and on the baseline between sites PDSO and CNTO that crosses the Guma graben to the north. Except for a 1989 seismic episode in the Dobi graben [Sigmundsson, 1992;  Figure 3. One-dimensional velocity profiles across the SMER (circles), CMER (squares) and Afar (triangles) with 1-sigma uncertainties. The CMER and Afar profiles are calculated from the global velocity solution; the SMER profile is from the local solution as described in the text. Lines are least squares best fitting sigmoidal functions (SMER = thin line; CMER = dotted line; AFAR = dashed line) labeled with the maximum relative velocity and the rate coefficient, r which reflects the velocity gradient, with larger rate coefficients corresponding to lower gradients. The unfilled points, one at the origin of the SMER profile and one at the end of the Afar profile, are from a priori velocity bounds rather than from direct geodetic observations. See text for discussion. Jacques et al., 2011], these faults have been fairly aseismic. Detailed investigations in the nearby Asal-Ghoubbet rift [Doubre, 2007a [Doubre, , 2007b suggest that most extension in the region is magmatically accommodated. Several authors have proposed a "bookshelf-faulting" model for this accommodation zone between the Red Sea and Aden propagators [Sigmundsson, 1992; Manighetti et al., 1998 Manighetti et al., , 2001 . Southwest of the Dobi graben, minimum strain rates appear to decrease, but by less than an order of magnitude. We estimate that strain rates across the Tendaho graben, which structurally divides the Ethiopian and Red Sea tectonic provinces [Tesfaye et al., 2003] , are lower than those observed in the Dobi and Guma grabens to the north. This agrees with the results of Acocella et al. [2008] which suggest that strain accommodation has shifted to the Aden propagator [Manighetti et al., 1998 ] to the NE; however, our geodetic resolution across the Tendaho graben is low and we cannot rule out high strains across this feature. It is notable that the broad distribution of strain in this region persists despite the Dabbahu dike injection sequence and related rifting on the Manda Hararo Rift [Grandin et al., 2009] . Dislocation-based models of lithospheric rifting would suggest that strain localization varies over seismo-volcanic cycles, with the highest strain rates at the shortest length scales during seismic and volcanic events. The temporal coincidence of our geodetic experiment with the rifting event should, if anything, bias the observations toward the most localized form of extensional deformation. However, observations of the seismo-volcanic event suggest that most of the surface displacement occurs within 50 km of the rift axis [Wright et al., 2006; Grandin et al., 2009] , rendering the elastic effects virtually invisible to our sparse array.
[30] The N65°E direction of extension in the Afar is more easterly than either the azimuth estimates from previous efforts to calculate a Nubia-Arabia Euler pole [Sella et al., 2002; McClusky et al., 2003; Nocquet et al., 2006] or the orientation of the normal vector to focal mechanisms and fault maps from the Afar [Manighetti et al., 1998 [Manighetti et al., , 2001 ]. However, this discrepancy is mostly accounted for by including the Danakil Block into the regional kinematics.
McClusky et al.
[2010] estimate a Nubia-Dankil Euler pole giving a velocity azimuth of 62.7°at SNTB, well within the uncertainty of our solution. We believe that both the strike of active faults and the focal mechanisms of events in the western Afar record partitioning of extensional stresses from both Nubia-Arabia and Nubia-Danakil relative motion.
[31] The largest minimum strain rates in the CMER are across Plio-Quaternary magmatic segments in the center of the rift basin. Strain accumulation in the CMER peaks at 1; 5 Â 10 À6 yr À1 between permanent station NAZR and site BOKU along the Wonji Fault Belt. These sites are located immediately to either side of a 1-2 km wide graben which has been previously identified as an active locus of extension from structural observations [Boccaletti et al., 1998; Abebe et al., 2005] , in agreement with earlier geodetic [Bilham et al., 1999] and seismic [Keir et al., 2006a] results. This feature is situated in the Boset magmatic segment [Casey et al., 2006] , confirming the widespread perception that such segments represent centers of active rift opening [Kurz et al., 2007] . While strain rates to the east and west of the NAZR-BOKU segment are more than an order of magnitude smaller than the peak, they result in non-negligible deformation across the full width of the geodetic transect. In fact, only about 15% of the total extension across the CMER is accommodated on the NAZR-BOKU baseline. Furthermore, our geodetic observations show (depending on where one places the poorly defined western rift margin) only 40-50% of the deformation along the CMER transect occurs within the topographic rift margins [Bendick et al., 2006] .
[32] In contrast, in the SMER, strain is predominantly localized on or near the western rift escarpment. The largest strain rate (2 Â 10 À7 yr À1 ) excluding DANA is observed across the center of the Chamo Basin between station ARMI and site NCSR west of the Amaro Horst, a 10 km (E-W) baseline that spans a cluster of active Quaternary-age faults [Boccaletti et al., 1998 ] on the floor of the Chamo Basin between Lakes Abaya and Chamo. Minimum strain rates drop off by at least two orders of magnitude east of site NCSR. Geodetic control across the Galana Basin (east of the Amaro Horst) is poor, but field observations [WoldeGabriel et al., 1991; WoldeGabriel, 2002] suggest the Galana Basin has been inactive through the Quaternary, so it is unlikely that strain rates comparable to those observed in the Chamo basin would be observed here. These results imply the principal locus of extension in the SMER is the western basin-bounding fault, in agreement with observations by Ebinger et al. [1993] . In contrast to the CMER, the decay of strain away from the peak strain is much faster. In other words, although the maximum strain rates in the SMER and CMER are comparable (especially considering the influence of our array spacing on apparent strain rate), finite strain in the CMER occurs over a much longer wavelength than in the SMER.
[33] It is important to note that because of the limitations on our solution, an alternative interpretation is also permissible. The most reliable velocity with respect to Nubia is ARMI, at 1.9 mm/yr, so if the survey-mode uncertainties are underestimated, a reasonable interpretation is that ARMI moves $2 AE 0.7 mm/yr wrt Nubia, and a comparable amount of deformation occurs east of ARMI. In this case, more than half of the relative opening between Nubia and Somalia is still accommodated on the western rift bounding fault. The estimated northward component of velocity at ARMI is larger than at neighboring campaign sites, but the 95% confidence interval in our velocity estimate also allows for a velocity closer to the average E-W extension direction of neighboring sites. Thus, in the SMER, high strain rates represent localization of extension around the western boundary fault. Very little relative motion between Nubia and Somalia can be accommodated elsewhere in the transect. In the CMER, the highest strain rates are accommodated by small faults and dikes in magmatic segments in the center of the rift basin, but these represent at most half of the total extension between Nubia and Somalia, the rest of which is accommodated throughout the structural rift and, it appears based on the sparse geodesy, through much of the Ethiopian Plateau to the west. In the Afar, where magmatism controls strain accommodation, active deformation occurs in a very wide zone of pervasively faulted and intruded crust.
Discussion and Conclusions
[34] Mechanical rifting simulations [McKenzie, 1978; Houseman and England, 1986; Kusznir and Ziegler, 1992; Buck et al., 1999; Huismans et al., 2001; Davis and Kusznir, 2002; Corti et al., 2003; Buck, 2004] predict that progressive weakening of the lithosphere results in progressive localization of strain, such that the zone of active deformation narrows monotonically as rifting proceeds from normal fault dominated stretching to continental breakup. At the same time, generic wide rift models correspond to low integrated strength lithosphere and narrow rift models correspond to high integrated-strength lithosphere. Observations of strain scaling in an active continental rift can be used to reconcile this discrepancy in the temporal progression of predicted extension accommodation. In the Ethiopian Rift, weakening of the lithosphere over both space and time is well documented [e.g., Ebinger and Casey, 2001] and leads to increasing strain distribution. Many authors [e.g., Corti et al., 2003; Keir et al., 2006a; Corti, 2009; Keir et al., 2009] have pointed to the apparent progressive shift of opening from seismically active rift bounding faults to narrow, axial magmatic segments as evidence for ongoing strain localization in concert with weakening. However, this structural localization appears to be restricted to the uppermost crust only, and does not reflect the full strain field accommodating relative motion between Nubia and Somalia.
[35] Instead, geodetic observations show evidence that progressive lithospheric weakening results in increasingly distributed accommodation of strain even as upper crustal strain is localized. In the SMER, where total extension is low, integrated lithospheric yield stress is high [Stamps et al., 2010] , and continuing activity on the rift-bounding fault attests to the relatively minor influence of magmatism, observed geodetic surface deformation is localized to a narrow zone of extension contiguous with boundary faults. This localized extension accounts for most, if not all, of the total relative velocity between stable continental blocks. As total extension and magmatism increase and lithosphere yield stresses decrease northward through the CMER and Afar [Stamps et al., 2010] , elastic deformation is localized in the thinning uppermost crust, but this deformation accounts for a decreasing percentage of the total relative extension, and the remainder is distributed over increasing wavelengths at lower maximum strain rates.
[36] The Ethiopian Rift does not appear to be distinct within the larger East African Rift System. A suite of evidence from the East African Rift in Kenya and Tanzania shows that lithosphere strength continues to increase southward from Ethiopia [Ebinger et al., 1991; Ayele and Kulhanek, 1997; Foster and Jackson, 1998; Albaric et al., 2009] coincident with systematic increases in effective elastic thickness and fault scaling [Ebinger et al., 1999] . Geodetic surveys show that deformation occurs on highly localized rift boundaries between rigid, undeforming blocks [Stamps et al., 2008] south of the Ethiopian border.
[37] The correlation of strain scaling with integrated lithospheric strength can be explained by simple mechanics where wide and narrow rift modes represent the end-members of a continuous distribution of extensional morphology with integrated strength or stiffness (for the viscous limit) serving as the critical parameter. As the lithosphere weakens, the wavelength of the extensional strain field increases. The uppermost crust still localizes strain at either dikes or normal faults because it always retains a brittle-elastic rheology, but dislocations decrease in importance to the total velocity budget with decreasing total lithospheric strength. Strength (or stiffness) itself may vary in both space and time with mechanical changes in thickness, or thermal or compositional changes in rheology of competent layers within the lithosphere.
[38] We can further identify the likely causes of weakening in East Africa by recourse to known variations of several properties along strike of the Ethiopian Rift. Most important, crustal thicknesses for the MER have been mapped to varying resolution using receiver functions by Keranen et al. [2009] . These thicknesses do not vary substantially among our geodetic sections. If anything, crustal thickness is slightly less in the CMER section, while lithospheric weakening due to crust-mantle decoupling or crustal weakening alone requires a thicker crust where the lithosphere is weaker. In contrast, the mantle lithosphere clearly thins and warms northward. The mantle lithosphere hosts seismicity only south of the Ethiopian border [Yang and Chen, 2010] . Therefore, it appears that a substantial contribution to lithospheric strength is provided by the mantle lithosphere in Africa. This contrasts with several recent suggestions that all or most of the strength of the continental lithosphere is hosted in the uppermost crust [e.g., Maggi et al., 2000; Jackson et al., 2008] . In addition, the results from Ethiopia are not consistent with strain rate, total extension, crustal flow, or magma supply as primary influences on the spatial scale of the strain field in extensional settings, though these factors may modulate or influence the critical role of mantle lithosphere thickness.
[39] In general, narrow rifts can evolve into wide rifts as strong parts of the extending lithosphere, especially the mantle lithosphere, lose competence due to any combination of thermal and mechanical changes. Alternatively, the scale of an extensional strain field can be set by a static a priori lithospheric strength profile. In East Africa, it appears that a combination of thermal and mechanical erosion of the mantle lithosphere northward produces widening of the extensional strain field from the Southern Main Ethiopian Rift into the Afar. If rifting is ultimately successful in completely removing the mechanical competence of the mantle lithosphere, only then would a highly localized locus of extension at a mid-ocean ridge type boundary replace the current widely extending region. This temporal progression may be likely for the Nubia-Somalia boundary, but may be further complicated by the kinematics of the region immediately surrounding the Afar triple junction .
[40] An extensional model where strain localization and lithosphere strength are positively correlated appears to fit other famous examples of both 'wide' and 'narrow' rifting. The Baikal Rift in Russia, a famous example of 'narrow' rifting, is an extensional basin in strong lithosphere [Déverchère et al., 2001] . Localized seismicity in and around the rift is found to correlate with surprising precision to estimates of high elastic rigidity [Petit et al., 2008] . The Basin and Range in the western United States, arguably the most famous example of 'wide' rifting, has been shown to have anomalously thick crust. If the crust is weak enough to deform viscously, as has been shown for other tectonic provinces with anomalous crustal thicknesses (i.e., Tibet) [Zhang et al., 2004] , the highly diffuse nature of Basin and Range extension could be easily explained by some degree of crust-mantle decoupling resulting in reduced total lithospheric competence.
[41] Recent geodetic constraints on the distribution of horizontal strain related to the separation of Nubia and Somalia along the Ethiopian rift provide evidence that progressive weakening of the continental lithosphere results in delocalization of strain. These results support a positive relation between localization and integrated effective lithosphere strength, especially between localization of extensional strain and strength of the continental mantle lithosphere, and a genetic relation between wide and narrow rifts rather than distinct morphological end-members.
